We have been isolating and characterizing Ralstonia solanacearum-responsive genes (RsRGs) in Nicotiana plants. In this study we focused on RsRG308, which we renamed NbTCTP (N. benthamiana translationally controlled tumor protein) because it encodes a polypeptide showing similarity to translationally controlled tumor proteins. Induction of the hypersensitive response (HR) was accelerated in NbTCTP-silenced N. benthamiana plants challenged with R. solanacearum 8107 (Rs8107). The Rs8107 population decreased significantly, whereas hin1 gene expression was enhanced in the silenced plant. Accelerated induction of HR was observed in NbTCTP-silenced plants inoculated with Pseudomonas cichorii and P. syringae pv. syringae. Silencing of NbTCTP also accelerated the induction of HR cell death by Agrobacterium-mediated transient expression of HR inducers, such as AvrA, BAX, INF1 and NbMEK2
Introduction
Plants have a variety of active defense mechanisms to protect themselves from microbial pathogen infection. These responses include production of phytoalexins (Kuc 1972) , accumulation of pathogenesis-related proteins (Mauch and Staehelin 1989) , induction of an oxidative burst (Baker and Orlandi 1995) , crosslinking of cell wall glycoproteins (Bradly et al. 1992 , Brisson et al. 1994 ) and lignification (Vance et al. 1990 ). One of the best characterized defense responses is the hypersensitive response (HR), which is a defense response accompanied by programmed cell death (PCD). HR is characterized by rapid, localized cell death triggered by an incompatible pathogen (Benoit and Dangl 1997) .
An HR-dependent resistance response is triggered when the host cells recognize pathogen-derived molecules such as pathogen-associated molecular patterns (PAMPs), effectors or avirulence gene products (Jones and Dangl 2006 , Gohre and Robatzek 2008 , Zipfel 2008 . After recognition events, intracellular signaling cascades, such as changes in ion fluxes and cytoplasmic Ca 2+ levels, an oxidative burst, protein phosphorylation and the production of stress-related hormonal substances, are required for the establishment of plant immune responses (Greenberg and Yao 2004 , Nurnberger et al. 2004 , Boller and Felix 2009 ). An increase in Ca 2+ concentration and activation of Ca 2+ -dependent protein kinases induces an oxidative burst in potato during HR induction (Kobayashi et al. 2007 ).
The generation of reactive oxygen species (ROS) and nitric oxide is also implicated in HR induction (Gechev and Hille 2005 ). In Nicotiana plants, members of the mitogen-activated protein kinase (MAPK) family, SIPK, WIPK and NTF6, are involved in HR induction in response to PAMPs, INF1 and hyphal wall components from Phytophthora infestans . Both WIPK and SIPK are also required to induce N-gene-mediated HR to the Tobacco mosaic virus (Jin et al. 2003) . LeMKK2, LeMKK3 and LeMPK3 are required for Pto-mediated HR against Pseudomonas syringae pv. tomato carrying AvrPto (Ekengren et al. 2003) . Genes related to HR have also been described in tobacco, such as Hin1 and Hsr230J (Pointer et al. 1994 , Pointer et al. 1998 ). However, the regulation and execution of HR in plants is yet to be fully understood.
Previously, we isolated >50 gene fragments that were regulated in tobacco plants after inoculation with Ralstonia solanacearum (Ralstonia solanacearum-responsive genes, RsRGs; Kiba et al. 2007 ). Many RsRGs showed no similarity to any known genes and thus might represent novel genes related to plant defense responses. To identify RsRGs that are essential for defense responses, Potato virus X (PVX) vector-mediated virus-induced gene silencing (VIGS) was performed in Nicotiana benthamiana. We previously reported that RsRGA4, encoding an S locus glycoprotein, and RsRGA6, encoding a small heat shock protein, were essential for basic defense against R. solanacearum, but not related to HR , Maimbo et al. 2010 . In this study, to elucidate the molecular events implicated in HR in Nicotiana plants, we focused on RsRG308, which encodes a putative translationally controlled tumor protein (NbTCTP). TCTPs are known to have anti-apoptotic function in mammalian cells (Yang et al. 2005) . TCTPs have been shown to exist in plant cells, but there have been no reports relating plant TCTPs to cell death. Therefore, we carried out functional analysis of NbTCTP during HR induction using gene-silenced N. benthamiana. We also discuss the regulatory mechanisms of HR cell death by NbTCTP.
Results

RsRG308 encodes a translationally controlled tumor protein-like protein
To characterize RsRG308 further, we amplified a full-length cDNA corresponding to RsRG308 by PCR. The deduced primary amino acid sequence of the product of RsRG308 contained an MCL/Bcl-xL domain at amino acid positions 1-20 and a TCTP domain at positions 120-170. The deduced amino acid sequence of the full-length product of RsRG308 showed 81.5, 88.0, 85.1, 82.4 and 84.5% identity to the products of TCTP genes from Nicotiana tabacum, Solanum tuberosum, Arachis hypogaea, Elaeis guineensis and Jatropha curcas, respectively, so we designated RsRG308 as Nicotiana benthamiana translationally controlled tumor protein (NbTCTP; Fig. 1 ).
NbTCTP is related to HR induction
To investigate the function of NbTCTP, the gene was knockeddown by means of VIGS using a PVX vector. Quantitative reverse transcription-PCR (qRT-PCR) analysis confirmed that NbTCTP was silenced ( Supplementary Fig. S1A ). An HR was clearly observed in the NbTCTP-silenced plants 18 h after inoculation (HAI) with R. solanacearum 8107 (Rs8107), which is avirulent and induces HR in N. benthamiana. On the other hand, no visible symptoms were observed in control plants at 18 HAI with Rs8107, although HR lesions were observed 24 HAI ( Fig. 2A ; Supplementary Fig. S2A ). In addition to HR lesion appearance, we also estimated cell death induction in control and NbTCTPsilenced plants. Acceleration of cell death was observed in the silenced plants compared with control plants from 18 to 24 HAI with Rs8107 ( Fig. 2B; Supplementary Fig. S2B ).
NbTCTP silencing accelerates HR induction
To address whether the silencing of NbTCTP affected HR induction caused by bacteria other than Rs8107, we used Pseudomonas cichorii and P. syringae pv. syringae, which have been shown to induce HR in N. benthamiana plants , Komori et al. 2012 . HR induction accelerated significantly in NbTCTP-silenced plants compared with control plants. We observed HR lesions 18 and 14 HAI with P. cichorii and P. syringae pv. syringae in NbTCTP-silenced plants, whereas no symptoms were visible in control plants ( Fig. 2A) . Acceleration of cell death was also observed in the silenced plants compared with control plants at 18-24 or 12-18 HAI with P. cichorii or P. syringae pv. syringae, respectively (Fig. 2B) . These results suggested that NbTCTP may be closely associated with HR induction pathways common to different HR-inducing bacteria.
To examine further the role of NbTCTP in HR induction, we investigated the effect of NbTCTP silencing on HR induction by Agrobacterium-mediated transient expression of HR-inducible elicitors, including INF1 from Phytophthora infestans (INF1; Huitema et al. 2005) , type III effectors, AvrA from R. solanacearum GMI1000 (AvrA; Poueymiro et al. 2009 ) and concomitant expression of the Tobacco mild green mosaic virus (TMGMV) coat protein and its cognate L1 resistance gene from pepper plants (TMGMV-CP:L1; Tomita et al. 2010) . As shown in Fig. 3A , HR induction accelerated significantly in NbTCTP-silenced plants, and HR lesions were clearly observed 3 d after inoculation with A. tumefaciens carrying HR inducers, whereas only weak symptoms appeared in control plants. Induction of cell death by AvrA, INF1 and TMGMV-CP:L1 expression accelerated significantly in NbTCTP-silenced plants in comparison with control plants 24-48 HAI (Fig. 3B) . Therefore, NbTCTP might regulate a common pathway during the HR to different inducers.
Effect of NbTCTP silencing on resistance responses
Expression of hin1, a marker gene for HR, showed a peak in control plants at 24 HAI with Rs8107, but accelerated significantly and peaked at 9 HAI with Rs8107 in NbTCTPsilenced plants (Fig. 4A) . Next, we addressed the effect of NbTCTP silencing on plant resistance by estimating the growth of Rs8107. The growth of Rs8107 was significantly suppressed and decreased approximately 5-and 10-fold (logCFU cm -2 ) at 24, 33, 44 HAI, respectively, in NbTCTP-silenced plants in comparison with control (Fig. 4B) . In contrast, no significant difference was observed in either the growth of R. solanacearum OE1-1 or the appearance of bacterial wilt caused by the bacteria, which has a compatible interaction with N. benthamiana, between control and NbTCTP-silenced plants. The population of P. syringae pv. tabaci and the appearance of wild wire disease was also similar in NbTCTP-silenced and control plants ( Supplementary Fig. S3 ). Thus, NbTCTP might have a role in defenses that accompany HR against Rs8107 (incompatible interaction), but not in basal resistance against R. solanacearum OE1-1 and P. syringae pv. tabaci (compatible interaction).
NbTCTP regulates a rbohB-dependent reactive oxygen-mediated cell death pathway NbTCTP might have a role in the induction of HR. To analyze signal transduction cascades related to NbTCTP, we examined the production of ROS, since ROS are well known signaling molecules of HR (Baker and Orlandi 1995) . 3,3 0 -Diaminobenzidine (DAB) staining was used to detect the presence of hydrogen peroxide. Weak production of hydrogen peroxide was observed in control plants at 18 HAI with Rs8107, whereas overproduction of hydrogen peroxide was observed in NbTCTP-silenced plants (Fig. 5A) .
NbTCTP-silenced plants showed increased ROS accumulation in response to Rs8107 infection. Previous reports have shown that elevated ROS levels are enough to cause enhanced plant immune responses, and a major source of ROS is the membrane-bound NADPH oxidase NbrbohB in N. benthamiana . To determine whether acceleration of HR in NbTCTP-silenced plants was caused by NbrbohB-dependent accumulation of ROS, we created plants that had both NbTCTP and NbrbohB silencing (NbTCTP:rboHB plants). In the NbTCTP:rboHB plants, elevated ROS production was compromised in response to Rs8107 infection, and ROS levels decreased to less than those of the control plants (Fig. 5A) . The accelerated HR by Rs8107 was compromised in NbTCTP:rboHB plants (Fig. 5B) , as was the accelerated induction of cell death (Fig. 5C ). These results indicated that NbTCTP may be related to HR induction via NbrbohB-dependent ROS production.
NbTCTP regulates an MAPK-dependent cell death pathway
Early induction of HR was observed in NbTCTP-silenced plants, and HR lesions were observed 2 d after inoculation with A. tumefaciens carrying a constitutive active form of MAPK kinase2 (NbMEK2 DD ). In contrast, no symptoms were visible in control plants 2 d after inoculation, although HR lesions were observed 3 d after inoculation with A. tumefaciens carrying NbMEK2 DD (Fig. 6A) . No HR lesions were observed after inoculation with A. tumefaciens carrying a negative form of MAPK kinase2, NbMEK2 KR ( Supplementary Fig. 4A ). Overproduction of hydrogen peroxide was also observed in NbTCTP-silenced plants overexpressing NbMEK2 DD (Fig. 6B ). Induction of cell death by NbMEK2 DD expression was significantly accelerated in NbTCTP-silenced plants in comparison with control plants 24-48 HAI (Fig. 6C) . To clarify further whether acceleration of HR by Rs8107 in NbTCTP-silenced plants was caused by MAPK cascades, we created plants in which both NbTCTP and NbMEK2 were silenced (NbTCTP:MEK2 plants). The acceleration of HR by Rs8107 was compromised in the NbTCTP:MEK2 plants (Fig. 6D) . A reduction in ROS production was observed in NbTCTP:MEK2 plants compared with NbTCTP-silenced plants (Fig. 6E) . Accelerated induction of cell death was also compromised in the NbTCTP:MEK2 plants (Fig. 6F) . Therefore, NbTCTP may be related to a MAPK-regulated HR cell death pathway.
NbTCTP silencing accelerates cell death induction by mammalian BAX
NbTCTP contained an MCL/Bcl-xL domain in the N-terminal region. The MCL/Bcl-xL domain is an amino acid motif conserved in mammalian TCTPs that has been shown to interact with Bcl-xL and is required for suppression of apoptosis (Yang et al. 2005 ). Mammalian BAX is well known as a member of the pro-apoptotic Bcl-xL proteins and can induce HR-like cell death in plants (Abramovic et al. 2003) . To address whether the silencing of NbTCTP affected cell death induction caused by BAX, we used Agrobacterium-mediated transient expression of mammalian BAX. Cell death induction accelerated significantly in NbTCTP-silenced plants compared with the control plants. We observed HR-like lesions 3 d after inoculation with Agrobacterium in NbTCTP-silenced plants, whereas the control plants showed no visible symptoms (Fig. 7A) . Acceleration of cell death was observed in the silenced plants compared with the control plants 24-48 HAI with Agrobacterium (Fig. 7B) .
Transient expression of NbTCTP reduced cell death
NbTCTP might function in the suppression of HR cell death in response to HR-triggering agents, and BAX-mediated cell death was accelerated in NbTCTP-silenced plant. These results prompted us to test the effects of Agrobacterium-mediated expression of the full-length sequence and the MCL/Bcl-xL domain of the NbTCTP gene on cell death induction (Fig. 8A) . Cell death was induced by concomitant expression of AvrA with b-glucuronidse (GUS) control. In contrast, suppression of cell death induction was observed with transient expression of AvrA with full-length NbTCTP. AvrA-induced cell death also decreased with transient expression of AvrA with the MCL/Bcl-xL domain of NbTCTP. Cell death suppression was also observed with AvrA, BAX and NbMEK2 DD expression with both full-length and the MCL/Bcl-xL domain of NbTCTP (Fig. 8B) . These results suggested that NbTCTP might suppress cell death induction, and that the MCL/Bcl-xL domain of NbTCTP might have a crucial role in this cell death suppression.
Discussion
TCTPs are ubiquitously expressed in all eukaryotic organisms and are related to various stress responses. It has been established that TCTP levels are highly regulated in response to a wide range of extracellular and intracellular signals, and various stress conditions such as starvation, heat shock, heavy metals, calcium stress or pro-apoptotic signals result in regulation of TCTPs (Bommer et al. 2004) . In animal cells, TCTPs are also recognized as anti-apoptotic proteins (Gnanasekar et al. 2009 ). In our present study, accelerated induction of HR was observed in NbTCTP-silenced plants in response to avirulent bacteria, including Rs8107, P. syringae pv. syringae and P. chicorii, and Agrobacterium-mediated transient expression of HR inducers (Figs. 2, 3) . In contrast, expression of NbTCTP resulted in suppression of HR induced by HR cell death-inducible agents (Fig. 8) . These findings suggested that NbTCTP might negatively regulate HR cell death.
In plants, HR shows a characteristic pattern of PCD (Greenburg 1996, Lam et al. 2001) . Plants may use apoptotic machinery similar to those of animals and yeast, as similar morphological and biochemical features are shared for PCD in these organisms (Gilchrist 1998 , Beers and McDowell 2001 , Greenberg and Yao 2004 , Lam 2004 ). Furthermore, cell death in plants is suppressed by the expression of an animal antiapoptosis gene, CED9/Bcl-2 (Mitsuhara et al. 1999 , Dickman et al. 2001 , and HR-like cell death is induced by the expression of animal pro-apoptotic genes such as BAX (Lacomme and Santa Cruz 1999 , Mitsuhara et al. 1999 , Xu et al. 2004 ). In our experiments, accelerated induction of HR was observed in NbTCTP-silenced plants by Agrobacterium-mediated transient expression of the animal pro-apoptotic BAX gene (Fig. 7) . The deduced amino acid sequence of NbTCTP contained not only a C-terminal TCTP domain but also an N-terminal MCL/Bcl-xL domain (Fig. 1) . The MCL/Bcl-xL domain of TCTP has been shown to interact with Bcl-xL and is required for anti-apoptotic activity in mammalian T cells (Yang et al. 2005 ). Our present data showed that HR cell death induction by transient expression of AvrA, BAX, INF1 and NbMEK2 DD was suppressed not only by full-length NbTCTP, but also by the N-terminal MCL/ Bcl-xL domain of NbTCTP (Fig. 8) . Taken together, we speculate that the N-terminal MCL/Bcl-xL domain of NbTCTP functions in the regulation of cell death induction.
Recently, the induction mechanisms of HR have been extensively analyzed, and some components were determined to have a crucial role in HR induction. An important component of HR induction is the oxidative burst-mediated pathway. An oxidative burst is a characteristic early feature of HR during incompatible interactions between resistant plants and avirulent pathogens. ROS have emerged as an important signal in the activation of plant PCD (Doke 1985 , Dietrich et al. 1994 , Jabs et al. 1996 . We observed elevated production of ROS in NbTCTP-silenced plants (Fig. 5A) . In plants, NADPH oxidases designated respiratory burst oxidase homologs (RBOHs) have been identified as related to mammalian gp91 phox in various plants (Groom et al. 1996 , Torres et al. 2002 . Recent studies demonstrated that silencing of NbrbohB compromised ROS generation during HR, and NbrbohB-dependent ROS production has a significant role in HR induction . In this experiment, co-silencing of NbTCTP with NbrbohB compromised the overproduction of ROS and acceleration of HR cell death in NbTCTP-silenced plants challenged with Rs8107 (Fig. 5B) . Therefore, NbTCTP might function in cell death regulation in close association with NbrbohB-dependent ROS production.
Our present results also showed that NbTCTP might regulate HR induction by the MAPK cascade, since HR cell death induction by NbMEK2 DD expression accelerated significantly in the NbTCTP-silenced plants. Furthermore, co-silencing of NbTCTP and NbMEK2 compromised accelerated HR cell death in NbTCTP-silenced plants inoculated with Rs8107 (Fig. 6) . It was reported that transient expression of StMEK2 DD induces accumulation of NbrbohB mRNA . The transcriptional activation of RBOH was shown to be one of the functions of the MAPK cascade in ROS production during HR induction . In our present results, overproduction of ROS was observed in NbTCTP-silenced plants expressing NbMEK2 DD (Fig. 6A-C) . Concomitant silencing of NbTCTP and NbMEK2 compromised ROS overproduction and accelerated HR cell death by NbTCTP silencing (Fig. 6C-E) . The appearance of phosphorylated MAPK was similar in both control and NbTCTP-silenced plants ( Supplementary Fig. S4B ). Therefore, NbTCTP might be closely associated with cell death regulated by MAPK cascade-ROS production pathways downstream of MAPK phosphorylation.
In addition to PCD regulation, TCTP proteins are also important for cell growth and division, and growth signals have been reported to induce TCTP synthesis rapidly (Bommer et al. 2002) . Overexpression of TCTP in mammalian cells resulted in slow growth and a delay in cell cycle progression (Brioudes et al. 2010) . In plants, the first report of TCTP associated it with cell division in the root cap of Pisum sativum (Woo and Hawes 1997) . In Arabidopsis thaliana, TCTP is highly expressed in young proliferating tissues, and silencing of TCTP by RNA interference caused reduction of cell size, vegetative growth, leaf expansion, lateral root formation and impairment of root hair development (Berkowitz et al. 2008) . In this study, silencing of NbTCTP, the TCTP homolog of N. benthamiana, caused a reduced growth phenotype, suggesting a role for NbTCTP in plant growth (Supplementary Fig. S1B ). Cell death and cell growth are coupled, and loss of control over growth regulation can lead to PCD. In some situations, blocking PCD can also suppress proliferation (Evan and Littlewood 1998) . As plants grow, they not only form new tissues and structures using highly coordinated cell division and differentiation programs but also continuously kill many of their own cells through activation of PCD. It has been reported that ROS are involved in the regulation of PCD during tissue growth and differentiation and HR (Breusegem and Dat 2006) . In addition, MAPKs are known to regulate cell growth, death and differentiation, the cell cycle and environmental stress responses (Rodriguez et al. 2010 ). Our present results show that NbTCTP might regulate both plant growth and HR (PCD) accompanied by production of ROS and a MAPK cascade. Therefore, NbTCTP might have a role in cell death regulation during HR to fine-tune not only PCD-associated plant defense responses, but also tissue PCD during differentiation. Understanding the anti-cell death function of NbTCTP may provide novel insights into the function and regulatory mechanisms of PCD in plants.
Materials and Methods
Plant materials
Nicotiana benthamiana was grown in a growth room as described previously ).
Bacterial isolates, culture conditions and inoculation
Ralstonia solanacearum strain 8107, P. syringae pv. syringae strain MAFF03-01861R and P. cichorii SPC9018 were cultured in PY medium containing 20 m g ml À1 rifampicin (Kiba et al. 2003 , Kiba et al. 2006a , Kiba et al. 2006b , Komori et al. 2012 . The density of the bacterial suspension was adjusted to 1.0Â10 8 CFU ml À1 and inoculated by leaf infiltration as described in Maimbo et al. (2007) .
Primers and plasmids
The primers and plasmids used in this study are listed in Supplementary Tables S1 and S2, respectively.
RNA isolation
Total RNA was prepared from N. benthamiana leaves with RNAiso (TAKARA BIO INC.) according to the manufacturer's instructions. RNA samples were then treated with DNase I (RNase-free; TAKARA BIO INC.) to degrade contaminating genomic DNA as described previously ).
Isolation of the full-length cDNA PCR amplification was performed with the primer combination 308 S and 308 A with 1 mg of the cDNA from N. benthamiana. Cycling parameters were as follows: 30 cycles of 94 C for 1 min, 
55
C for 1 min and 72 C for 1 min. The full-length cDNA was cloned into the vectors pGEMT-Easy (Promega) and created pGEMNbTCTP.
Sequencing
PCR products were sequenced using the M4 and RV primers with the reagents from the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems) and an Applied Biosystems 3100 Avant Automated Sequencer according to the manufacturer's instructions. Sequence analysis was carried out using DNASIS (version 3.6; Hitachi,) and the BLAST network service from the National Center for Biotechnology Information (Altschul et al. 1990 ).
Vector constructs and seedling infection for virus-induced gene silencing
A 399 bp cDNA fragment representing the 3 0 -terminal region of NbTCTP (RsRG308) was amplified with primers TCTP:PVXS and TCTP:PVXA using pGEMTCTP as a template. This cDNA fragment was subcloned into the TA cloning site of pGEM-T-Easy to create pGEMTCTP:PVX. The pGEMTCTP:PVX plasmid was digested with PstI and SalI, and ligated into the PVX vector pPVX201 digested with Sse8387I and SalI (Baulcombe et al. 1995) . The construct containing this insert in the antisense orientation was designated pPVX:TCTP. A pPVX201 plasmid that did not contain an insert was used as a control. These binary plasmids were transformed into A. tumefaciens strain GV3101, and inoculated into N. benthamiana leaves as described previously ).
QRT-PCR
QRT-PCR was performed as described in Maimbo et al. (2007) . Reverse transcription was performed with 1 mg of total RNA using a PrimeScript RT reagent Kit (TAKARA), and qRT-PCR with 20 ml reaction mixtures containing 1 ml of cDNA stock and 10 pM of the respective primers using the SYBR GreenER qPCR Reagent System (Invitrogen) and an Applied Biosystems 7300 real-time PCR instrument. Cycling parameters were the same for all primers: an initial 50 C for 2 min and 95 C for 10 min, followed by 40 cycles of 95 C for 10 s and 60 C for 1 min. Melting curve runs were performed at the end of each PCR to verify the specificity of the primers by the presence of a single product. The expected single DNA product and its molecular weight were checked by agarose gel electrophoresis. We also checked the sequence of amplified DNA products by direct sequencing with an upper primer. Relative quantification of gene expression was performed according to the instructions for the Applied Biosystems 7300 real-time PCR system using the comparative cycle threshold (Ct) method for calculation of the Qty value. All values were normalized to the expression of the actin gene used as an internal standard in each cDNA stock. Expression analyses were performed with at least two biological replications to ensure that expression patterns were reproducible, and representative and characteristic data were presented. Standard deviations and differences between expression ratios of non-treated controls and other samples were tested for statistical significance using the t-test.
Plasmid construction for Agrobacterium-mediated transient expression
A full-length open reading frame of NbTCTP with a FLAG tag was amplified with the primers TCTPORF-S and TCTPFlag-A using pGEMNbTCTP as a template and cloned into pGEMTEasy (pGEMNbTCTPFlag). The pGEMNbTCTPFlag was digested with BamHI and SacI (TAKARA), and ligated into the pRI101-AH vector (TAKARA) digested with the same enzymes. The construct containing the insert was designated pRI-TCTP. For agroinfiltration experiments, we also used the binary vectors p35S-INF1, p35S-MEK2 DD , p35S-BAX, p35S-TMGMV-CP and p35S-L1 (Komori et al. 2012) . The binary vector p35S-GUS containing the GUS gene with an intron ) was used as a control. The binary vector p35S-IntoGUS containing the GUS gene with an intron was used for an analysis of transformation efficiency (Ohta et al. 1990 ). These binary plasmids were transformed into A. tumefaciens strain GV3101, and inoculated into N. benthamiana leaves as described previously ). The gene transfer efficiency of A. tumefaciens was barely affected by NbTCTP silencing (Supplementary Fig. S5 ).
ROS measurements by DAB staining
To determine the production of H 2 O 2 , DAB staining was performed as described by Torres et al. (2002) . Nicotiana benthamiana leaves infected with bacteria were infiltrated with 1 mg ml À1 of DAB solution (pH 3.8) and incubated for 1 h in the dark at 25 C. The leaf samples were boiled in a solution of ethanol : acetic acid : glycerol (3 : 1 : 1). The leaf samples were then decolorized in 2.5 g ml À1 chloral hydrate solution for at least 30 min until the Chl was completely removed.
Cell death quantification by measurement of ion leakage
Relative measurements of cell death can be made by comparing ion leakage from plant cells, because the content of dying cells leaks into the intercellular space (del Pozo and Lam 1998). Therefore, cell death was monitored by measuring ion conductivity as described by Asai et al. (2010) . For conductivity tests, eight leaf discs of 1.0 cm diameter were collected from inoculated leaf areas and floated in 1 ml of distilled water for 4 h at room temperature. Conductivity was measured using a twin conductivity meter (Twin Cond D-173; Horiba).
Cell death inhibition assay
A cell death inhibition assay was performed as described by Chakravarthy et al. (2009) 
